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En este trabajo se integra la estratigrafía local 
y fallas como restricciones para un modelo 
QXPpULFRGHÀXMRGHODJXDVXEWHUUiQHDHQ OD
parte norte del acuífero fallado del Valle de 
Querétaro. La información geológica de base 
fue establecida a partir de la reinterpretación 
de registros litológicos de pozos, datación 
isotópica 40Ar*/39Ar de rocas y  cartografía 
de campo. En particular, la datación isotópica 
permitió obtener el tiempo de emplazamiento 
GHXQGLTXHPDJPiWLFRD OR ODUJRGH OD IDOOD
GH(O1DER(ODXPHQWRGHODWDVDGHÀXMR\OD
temperatura en el pozo El Nabo sugieren que 
ODIDOOD\HOGLTXHWUDQVSRUWDQXQÀXMRUHJLRQDO
Un modelo numérico fue implementado 
para evaluar las contribuciones de fallas y 
HVWUXFWXUDV YROFiQLFDV HQ HO ÀXMR JHQHUDO GH
DJXD VXEWHUUiQHD (O PRGHOR UHDOL]DGR FRQ
HO VRIWZDUH 9LVXDO0RGÀRZ \ FyGLJR 0RGÀRZ
2000 fue parcialmente restringido por los 
resultados de una prueba de bombeo en pozo 
³(O1DER ´HOSR]RPiVSURIXQGR/DW
µ³1/RQJ¶´2DSUR[LPDGDPHQWH
























zona de Querétaro. La interpretación de los 
resultados del modelo y las observaciones de 
FDPSRVXJLHUHQTXHODVIDOODVUHFLEHQXQÀXMR
regional, compartimentalizan el sistema, y son 
responsables de un importante aumento del 
JDVWRGHDOVFXDQGRVHODSHUIRUDFLyQ
GHOSR]R(O1DEREDMRGHPSURIXQGLGDG
El estudio que aquí se presenta permite la 
evaluación de fallas normales y intrusivos 
TXHGHWHUPLQDQHOÀXMRGHODJXDVXEWHUUiQHD
y podría ser relevante para el conocimiento 
GH OD GLQiPLFD GH ÀXMR YDOOHV YROFiQLFRV
cercanos. El modelo numérico implementado 
basado en información geológica, permitió una 
mejor comprensión de los sistemas acuíferos 
complejos, lo que no se puede evaluar por 
métodos analíticos. Por otra parte puede ser una 
aplicación útil para una mejor interpretación 
de pruebas de bombeo y para añadir datos 
complementarios de otras pruebas y/o de 
DQiOLVLVGHKLGURJHRTXtPLFD
3DODEUDV FODYH )OXMR GH DJXDV VXEWHUUiQHDV
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$EVWUDFW
7KLV ZRUN LQWHJUDWHV ORFDO VWUDWLJUDSK\ DQG
faults to constraint a numerical model of 
JURXQGZDWHU ÀRZ LQ WKH 1RUWK DUHD RI WKH
Valley of Queretaro aquifer. Basic geological 
LQIRUPDWLRQ ZDV HVWDEOLVKHG IURP WKH




WKH (O 1DER IDXOW 7KH LQFUHDVH RI ÀRZ UDWH
DQG WHPSHUDWXUH LQ WKH(O1DERZHOO VXJJHVW
WKDW WKH IDXOW DQG GLNH WUDQVSRUW D UHJLRQDO
ÀRZ $ QXPHULFDO PRGHO ZDV LPSOHPHQWHG
WR HYDOXDWH WKH FRQWULEXWLRQV RI IDXOWLQJ DQG
YROFDQLFVWUXFWXUHVLQWKHRYHUDOOJURXQGZDWHU
ÀRZ7KHPRGHODFFRPSOLVKHGZLWKWKHVisual-
0RGÀRZ VRIWZDUH DQG 0RGÀRZ  FRGH
ZDV SDUWLDOO\ FRQVWUDLQHG E\ WKH UHVXOWV RI D
SXPSLQJWHVWLQWKH(O1DERZHOOWKHGHHSHVW
ZHOO /DW ¶´1 /RQJ ¶´:
FD P GHSWK ORFDWHG LQ WKH 4XHUHWDUR
DUHD 7KH LQWHUSUHWDWLRQ RI WKHPRGHO UHVXOWV
DQG ¿HOG REVHUYDWLRQV VXJJHVW WKDW IDXOWV
FROOHFW WKH UHJLRQDO ÀRZ FRPSDUWPHQWDOL]H
WKH UHVHUYRLU DQG DUH UHVSRQVLEOH RI WKH
GUDPDWLFLQFUHDVHRIÀRZUDWHIURPWROV
ZKHQGULOOLQJ WKH(O1DERZHOOEHORZDGHSWK
RI P 7KH VWXG\ SUHVHQWHG KHUH DOORZHG
WKHDVVHVVPHQWRIQRUPDOIDXOWVDQGLQWUXVLYHV
GHWHUPLQLQJ JURXQGZDWHU ÀRZ DQG PLJKW EH
UHOHYDQW WR WKH NQRZOHGJH RI ÀRZ G\QDPLFV
LQQHDUE\YROFDQLFYDOOH\V7KHDQDO\VLVRIWKH
SXPSLQJ WHVW VXJJHVW WKH SUHVHQFH RI WZR
GLIIHUHQW JURXQGZDWHU ÀRZ V\VWHPV  D
ÀRZUHODWHGZLWKWKHOLPHVWRQHDQGVKDOHXQLW
DQG D UHJLRQDO OLQHDUÀRZ WKURXJK IDXOWV
7KH LPSOHPHQWHG QXPHULFDO PRGHO EDVHG
on geological information, allowed a better 
XQGHUVWDQGLQJRIFRPSOH[DTXLIHUV\VWHPVWKDW
FDQQRW EH HYDOXDWHG E\ DQDO\WLFDO PHWKRGV
Moreover it can be a useful application for a 
better interpretation of pumping tests and to 
DGG FRPSOHPHQWDU\ GDWD RI RWKHU SXPSLQJ
WHVWVDQGRUK\GURJHRFKHPLFDODQDO\VLV
.H\ZRUGV*URXQGZDWHUÀRZIDXOWHGDTXLIHUV
numerical modeling, volcanic structures, 
G\NHV0H[LFRV
,QWURGXFWLRQ
8QGHUVWDQGLQJ JURXQGZDWHU ÀRZ V\VWHPV LV
FUXFLDO IRU WKH PDQDJHPHQW RI JURXQGZDWHU
UHVRXUFHV LQ 0H[LFR EHFDXVH PDQ\ DUHDV LQ
DULG ]RQHV GHSHQG RQ JURXQGZDWHU DV WKH
main source for urban, agricultural, and 
LQGXVWULDO GHYHORSPHQW ,Q WKH 9DOOH\ RI
4XHUHWDUR $TXLIHU 94$ PDQ\ ZHOOV DUH
GULOOHGQHDURUDORQJPDMRUIDXOWVDQGWKHKLJK
variability of piezometric levels in relatively 
VKRUWGLVWDQFHVHYLGHQFHFKDQJHVRQK\GUDXOLF
SURSHUWLHV&DUUHyQ)UH\UHet al)LJXUH
 )XUWKHUPRUH WKH VSDWLDO GLVWULEXWLRQ RI
H[WUDFWLRQ ZHOOV DQG GUDZGRZQ ]RQHV LQ WKH
94$ GXULQJ WKH ODVW  \HDUV VXJJHVWV WKDW
IDXOWV FRPSDUWPHQWDOL]H WKH DTXLIHU V\VWHP
&DUUHyQ)UH\UH et al  ,Q WKH 94$
JURXQGZDWHULVH[WUDFWHGIURPGHSWKVJUHDWHU
WKDQ WZR KXQGUHG PHWHUV DW WKLV GHSWK
JHRORJLFDOKHWHURJHQHLW\VKRXOGEHFRQVLGHUHG
IRU HYDOXDWLQJ JURXQGZDWHU ÀRZ SDWWHUQV WR
allow an accurate estimation of groundwater 
UHVRXUFHV7KXVWKH94$FRXOGEHFRQVLGHUHG
D IDXOWHG DTXLIHU ZKHUH IDXOWV DQG IUDFWXUH
]RQHV VWURQJO\ LQÀXHQFH WKH RYHUDOO ÀRZ





ZRUN H[DPLQHV WKH UROH RI PDMRU VWUXFWXUHV
HJIDXOWVDQGYROFDQLFRUSOXWRQLFERGLHVDV
K\GURJHRORJLFDOLQGHSHQGHQWXQLWVUDWKHUWKDQ
RQO\ DVK\GUDXOLF ERXQGDULHV DQGSUHVHQWV D
QXPHULFDO PRGHOLQJ RI WKH JURXQGZDWHU ÀRZ
FRQGLWLRQV LQ WKH IDXOWHG 94$ ,QWHJUDWLRQ RI
UHSUHVHQWDWLYH JHRORJLFDO GDWD LQ WKH PRGHO
LQFOXGHG D YHUWLFDO YDULDWLRQV E\ DVVLJQLQJ
DK\GUDXOLFFRQGXFWLYLW\.WRHDFKJHRORJLFDO
XQLW E IDXOWV F ODWHUDO WUXQFDWLRQ RI WKH
K\GURVWUDWLJUDSKLFXQLWVDQGGWKHSUHVHQFH





RI4XHUHWDUR LV ORFDWHG LQ WKH FHQWUDO SDUW RI
WKH0LRFHQHWR5HFHQW7UDQV0H[LFDQ9ROFDQLF
%HOW 709% )HUUDUL  $ODQL]$OYDUH] et 
al  DQG LV GHOLPLWHG E\ JURXSV RI 16
DQG1(6:WUHQGLQJIDXOWVDFWLYHDWOHDVWVLQFH
WKH0LRFHQH$ODQL]$OYDUH]et al:H
DLPDW KDYLQJ D EHWWHU XQGHUVWDQGLQJ RQ WKH
UROH RIPDMRU VWUXFWXUHV LQ JURXQGZDWHU ÀRZ
SDWWHUQV LQ WKH94$E\ LQWHJUDWLQJ WKHP LQD
numerical model.
Faulted aquifer systems
3UHYLRXV ZRUNV KDYH GRFXPHQWHG WKH
YDULDWLRQV LQK\GUDXOLFVSURSHUWLHV LQGXFHGE\
WKH FRPSOH[ DUFKLWHFWXUH RI UHJLRQDO IDXOWV
0D&OD\ DQG 6PDOO  /ySH] DQG 6PLWK
 /ySH] DQG 6PLWK  &DLQH et al., 
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$OOHQDQG0LFKHO&DUUHyQ)UH\UH
et al  $QGHUVRQ  0D\HU et al., 
 'HOLQRP  5D¿QL DQG /DURFTXH
 $QLVRWURS\ RI K\GUDXOLF FRQGXFWLYLW\








DQG IUDFWXUHV LQ YROFDQLF URFNV RQ WKH RWKHU
KDQG PRGLI\ K\GURJHRORJLFDO SURSHUWLHV RI
geological units. A fault can be a preferential 
FRQGXLW IRU YHUWLFDO ÀRZ LH D ³OHDN\ IDXOW ´
ZKHQWKHGDPDJHG]RQHLVZHOOGHYHORSHGDQG
LVODWHUDOO\VHDOHG=HLGRXQL)DXOW]RQHV
FDQ DOVR EHKDYH DV OHDNDJH DUHDV EHWZHHQ
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0DMRU IDXOWV FDQ EHKDYH DV ÀRZ EDUULHUV
RU SUHIHUHQWLDO FKDQQHOV GHSHQGLQJ RQ WKH
K\GUDXOLF SURSHUWLHV GHYHORSHG GXULQJ GHIRU
PDWLRQ KLVWRU\ 0D&OD\ DQG 6PDOO 
&DLQHet al&DUUHyQ)UH\UHet al
Mayer et al'HOLQRP5D¿QLDQG
/DURFTXH  RU WKH\ FDQ RQO\ VHSDUDWH
XQLWVRIGLIIHUHQWK\GUDXOLFFRQGXFWLYLW\$OOHQ
DQG 0LFKHO  0D\HU et al  IRU
LQVWDQFH WKH YHUWLFDO GLVSODFHPHQW RI D IDXOW




K\GUDXOLFSDUDPHWHUVHYHQ LQ VWUDWL¿HG OHDN\
V\VWHPV5DWKRGDQG5XVKWRQ
7KH VW\OH RI GHIRUPDWLRQ DQG UXSWXUH RI
D IDXOW ]RQH VWURQJO\ LQÀXHQFHV YDULDWLRQV RI
LWV K\GUDXOLF SURSHUWLHV &DLQH et al 
SURSRVHG IRXU FRQFHSWXDO VFKHPHV IRU IDXOW
UHODWHGÀXLGÀRZDFFRUGLQJWRWKHGLVWULEXWLRQ





URFNV DQG JRXJH  DQ DGMDFHQW GDPDJHG
]RQH FKDUDFWHUL]HG E\ DQ LQFUHDVH LQ WKH
K\GUDXOLF FRQGXFWLYLW\ FDXVHG E\ EUHFFLDWLRQ




$ GHFUHDVH LQ WKH K\GUDXOLF FRQGXFWLYLW\
ZLWKLQ D IDXOW SODQH ÀRZ EDUULHU FDQ EH
DVVRFLDWHG ZLWK 0D\HU et al  0D&OD\
DQG6PDOOFDWDFODVLVRUJUDLQVL]H
UHGXFWLRQMX[WDSRVLWLRQRISHUPHDEOHDQG
LPSHUPHDEOH OD\HUV GLVSODFHPHQWV DORQJ WKH
IDXOWSODQHFDQGHFUHDVHWKHSRVVLELOLW\RIÀRZ
WKURXJK WKH IDXOWDQGRUGHYLDWLQJÀRZDORQJ
WKH IDXOW  URWDWLRQ RI SODQH DQG HORQJDWH
GHWULWXV WKDW EHFDPH SDUDOOHO WR IDXOW SODQH
UHGXFLQJ WKH K\GUDXOLF FRQGXFWLYLW\ LQ WKH
RULHQWDWLRQ SHUSHQGLFXODU WR WKH SODQH 




)XUWKHUPRUH PDMRU IDXOWV RIWHQ SUHVHQW
associate or secondary planes and fractures 
WKDWPD\FDXVHFRQWUDVWLQJK\GUDXOLFEHKDYLRUV
,Q DQLVRWURSLF PHGLD HDFK JHRORJLFDO XQLW LV
UHSUHVHQWHGE\DK\GUDXOLFFRQGXFWLYLW\WHQVRU
FRQVLGHULQJ WKUHH GLPHQVLRQDO YDULDWLRQV RI
K\GUDXOLF FRQGXFWLYLW\ ,Q IUDFWXUHG URFNV WKH




7KH UHJLRQDO JHRORJ\ RI WKH 94$ KDV EHHQ
H[WHQVLYHO\VWXGLHGLQWKHODVWGHFDGHV7UHMR
0RHGDQR  9DOGH]0RUHQR et al 
$JXLUUH'tD] DQG /RSH]0DUWLQH] 
Alaníz-Alvarez et al   &DUUHyQ
)UH\UHet al$JXLUUH'tD]et al
Xu et al7KH9DOOH\RI4XHUHWDUR LVD
EDVLQ GHOLPLWHG E\ JURXSV RI16 DQG1(6:
WUHQGLQJ IDXOWV DQG YROFDQRHV ORFDWHG LQ WKH
FHQWUDOSDUWRIWKH7UDQV0H[LFDQ9ROFDQLF%HOW




IDXOWLQJ IDPLO\ WUHQGLQJ 1(6: SURGXFHG D
QHDUO\RUWKRJRQDOSDWWHUQZLWKWKH16V\VWHP
WKDWKDVUHVXOWHGLQDPRVDLFIRUPHGE\KRUVWV
JUDEHQV DQG KDOIJUDEHQV $ODQt]$OYDUH] et 
al   &DUUHyQ)UH\UHet al 
$JXLUUH'tD]et al;Xet alZLWK






7KLVVWXG\ LV IRFXVHGRQ WKHQRUWKZHVWHUQ
SDUWRIWKH94$GDVKHGVTXDUHLQ)LJXUHVDQG
 D ]RQH RI JURXQGZDWHU UHFKDUJH EHFDXVH
RI IDXOWLQJ &RQDJXD  7KH DYDLODEOH
information was compiled and integrated 
LQ D JHRORJLFDO PDS ZLWK WKH K\GURJHRORJLF
LQIRUPDWLRQRIWKH94$DQGVXUURXQGLQJV7KH
ORFDO VWUDWLJUDSK\ ZDV HVWDEOLVKHG IURP WKH



















DQG D ODWH &UHWDFHRXV VKDOH DQG VDQGVWRQH
LQWHUEHGGHGZLWKDUJLOODFHRXVOLPHVWRQH.L&]
$U 7KH &UHWDFHRXV VHTXHQFH LV SHUYDVLYHO\
IROGHGE\VKRUWHQLQJGHIRUPDWLRQ
GEOFÍSICA INTERNACIONAL





204      VOLUME 54 NUMBER 3
7KH &HQR]RLF VHTXHQFH FRQVLVWV RI D
FRQWLQHQWDO VHGLPHQWDU\ XQLW ZLWK SUHGRPL
QDQFH RI FRQJORPHUDWHV DQG VDQGVWRQH 7H
&J$U RYHUODLQ E\ D YROFDQLF VHTXHQFHZLWK
pyroclastic and sedimentary interbedded depo-
VLWV 7KH &HQR]RLF VHTXHQFH LV IUDFWXUHG DQG
DIIHFWHG E\ H[WHQVLRQDO IDXOWV 7KH 7H &J$U
OD\HURISUREDEOH(RFHQHDJHLVSUHVHQWDWWKH
0RPSDQL ,,ZHOO DW D GHSWK RI P DQG
DWWKHERWWRPRI81$0-XULTXLOODDQG(O6DOLWUH
ZHOOV)LJXUHD7KHYROFDQLFURFNVHTXHQFH
LQFOXGHV ODYDV VXFK DV WKH 6DOLWUH $QGHVLWH
7R$ DQG VLOLFLF GRPHV 7RP 'D -XULTXLOOD






S\URFODVWLF GHSRVLWV RI  P LQ DYHUDJH RI
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WKLFNQHVV7RP3\/DFDQGWKLVXQLW LQFOXGHV
WKH (]HTXLHO 0RQWHV 3XPLFH DQ LPSRUWDQW
VWUDWLJUDSKLFPDUNHUGDWHGEHWZHHQDQG















GLIIHUHQFHV DPRQJ VWUDWLJUDSKLF OHYHOV IURP
WKH FRUUHODWLRQ RI OLWKRORJLFDO ORJV SUHVHQWHG
LQ )LJXUH  7KH YHUWLFDO GLVSODFHPHQWV DUH
VPDOOHUWKDQP)URP)LJXUHEQRWHWKDW
two additional buried faults nearby, and to 
ZHVWRI81$0ZHOOZHUHLQIHUUHGLQWKLVZRUN
6WUXFWXUDOO\WKHVWXG\DUHDLVDEORFNGHOLPLWHG
E\ WKHPDMRU 16 WUHQGLQJBalvanera and El 
Nabo IDXOW ]RQHV GLSSLQJ WR WKH QRUWKHDVW
)LJXUHD7KH6RXWKIDXOWDQGRWKHU1(6:
WUHQGLQJ IDXOW VHJPHQWV GHOLQHDWH WKH OLPLWV
RI WKH EORFN WRZDUG WKH VRXWK %RWK IDXOWV
V\VWHPVKDYHQHDUO\YHUWLFDO IDXOWSODQHVDQG
WKHLU NLQHPDWLFV LQGLFDWH GLSVOLS WRZDUGV WKH
FHQWHU RI WKH4XHUHWDUR9DOOH\ VLQFH0LRFHQH
WLPH7KHVHPDMRUIDXOWVLQFOXGHVHYHUDOSDUDOOHO




FRUUHODWLRQV RI ZHOO ORJV 7KH UHODWLYH DJH RI
IDXOWLQJLQWKHUHJLRQZDVDQDO\]HGLQGHWDLOE\




\RXQJHU DQG IDYRU WKH 0LRFHQH YROFDQLVP
WKURXJKG\NHVHPSODFHGDORQJWKHIDXOWVSODQHV
)LJXUH  7KHEl Nabo Fault is of particular 
UHOHYDQFH WR WKLVZRUN LW LV D QHDUO\ YHUWLFDO
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)LJXUHD7RZDUGLWVVRXWKHUQSDUWWKHIDXOW
is not clearly observed on surface but it can 
EH LQIHUUHG IURP WKH WRSRJUDSKLF UHOLHI DQG
WKH LQWHUSUHWDWLRQRI WKHVWUDWLJUDSKLF UHFRUGV
GRWWHG OLQH LQ )LJXUH D $ G\NH HPSODFHG






7KH FRQFHSWXDO PRGHO RI WKH VWXG\ DUHD LV
EDVHG RQ JHRORJLFDO XQLWV ZLWK FRQWUDVWLQJ
K\GUDXOLF SURSHUWLHV JUDQXODU DQG IUDFWXUHG
URFN OD\HUV WUXQFDWHG E\ PDMRU IDXOWV DQG
YROFDQLF HGL¿FHVERGLHV WKDW PD\ LQWHUUXSW
RU IDYRU ODWHUDO ÀRZV &DUUHyQ)UH\UH et al. 
 FRUUHODWHG WKH K\GURJHRORJLFDO XQLWV
ZLWKOLWKRVWUDWLJUDSKLFXQLWVWRGHVFULEHWKH94$
and proposed a conceptual model of multilayer 




XQLW RI ODWH0LRFHQH DJH QDPHG 7PW $% DV
DQ LQGH[ OD\HU)RU LQVWDQFHDVVKRZQ LQ WKH
UHFRUG RI WKH (MLGR -XULFD ZHOO )LJXUH D
WKH 7PW $% OD\HU FRPPRQO\ LV RYHUODLG E\ D
Miocene-Pliocene sedimentary unit, named 
7PS&J$U/PDQGXQGHUOLHGE\DQ2OLJRFHQH
Miocene pyroclastic and lacustrine unit, named 
7RP3\/DF
7KH &UHWDFHRXV XQLWV DUH PRUH UHOHYDQW
WR JURXQGZDWHU ÀRZ LQ WKLV DUHD DQG LQFOXGH
sandstone and argillaceous sequences, 
OLPHVWRQH URFNV DQG D YROFDQRVHGLPHQWDU\
VHTXHQFH 7KHVH XQLWV ZHUH IRXQG GXULQJ




WKH YHUWLFDO GLIIHUHQFH LQ HOHYDWLRQ RI WKH .L
&] XQLW IURP  WR PDVO DPRQJ WKH
0RPSDQL,,DQG(O1DERUHFRUGVVHSDUDWHGE\
DSSUR[LPDWHO\ RQH NLORPHWHU VXJJHVWHG WKH
SUHVHQFHRIWKH(O1DER)DXOWDWWKLVORFDWLRQ
'ULOOLQJ RI WKH ¿UVW  P GHSWK RI El 
Nabo ZHOO LQLWLDWHG LQ  DW WKLV WLPH WKH
SURGXFWLRQRIZDWHUZDVDSSUR[LPDWHO\ OV
([WHQGHGGULOOLQJ LQEl NaboZHOO IURPWR
 P GHSWK ZDV SHUIRUPHG LQ  WKH
SURGXFWLRQ RI WKHZHOO LQFUHDVHG GUDPDWLFDOO\
WR  OV DIWHU GULOOLQJ DW P GHSWK WKDW
FRLQFLGHG ZLWK D OLWKRORJLFDO FKDQJH IURP
limestone to a volcano-sedimentary sequence 
YROFDQLFURFNVDQGOLPHVWRQHEHDULQJELRWLWH
PLQHUDOV)XUWKHUHYLGHQFHRIWKHIDXOWDQGLWV








PDJQL¿HU DQG VRPH VDPSOHV RI LQWHUHVW
ZHUH VHOHFWHG IRU WKLQ VHFWLRQ GHVFULSWLRQ
Biotite concentrates were selected for dating 
DW GHSWKV EHWZHHQ  DQG  P 7KHVH
ELRWLWH FRQFHQWUDWHV ZHUH DQDO\]HG E\ WKH
40Ar*/39$UWHFKQLTXHDWWKH*HRFKURQRORJ\/DE
LQ&,&(6(XVLQJD9*PDVVVSHFWURPHWHU
DQGD ODVHU H[WUDFWLRQ V\VWHP7KHDQDO\WLFDO
GHWDLOV RI WKH PHWKRG FDQ EH FRQVXOWHG









isotopic composition of argon released during 
HDFKVWHS7KH UHSRUWHGDJH LV FDOFXODWHG IRU
HDFK LQGLYLGXDO IUDFWLRQ DQG WKH LQWHJUDWHG
results adding individual steps in accordance 
WR+DOODQGFRQVLGHULQJWKHFRUUHFWLRQV
E\ GLVFULPLQDWLRQ UDGLRDFWLYH GHFD\ 6WHLJHU
	 -lJHU  WKH OLQH EDFNJURXQG DQG
interference reactions from isotopes derived 
IURP &D &O DQG .  5HVXOWV ZHUH JURXSHG
DFFRUGLQJWRGHSWKDQGVL]HRIWKHVDPSOHVDQG
DUHSUHVHQWHGLQDJUDSKQDPHGDJHVSHFWUD
&RUUHODWLRQ GLDJUDPV LQ ZKLFK WKH UHODWLRQ




Integration of conceptual and numerical 
models
7KH FRQFHSWXDO PRGHO UHVXOWLQJ IURP WKH
LQWHUSUHWDWLRQ RI OLWKRORJLFDO ORJV JHRORJLFDO
mapping, analysis of samples, and isotopic 
GDWD LV VKRZQ LQ )LJXUH  D E 7KH ZHOOV
LQWHJUDWHG LQ WKH QXPHULFDO PRGHO DUH (O
1DER DQG 0RPSDQL ,,  DQG  P
GHSWK UHVSHFWLYHO\ )LJXUH D )RU WKH
LPSOHPHQWDWLRQ RI WKH QXPHULFDO PRGHO WKH
volcanic sequences, sedimentary materials, 
and geological faults were considered as 
LQGHSHQGHQW K\GURJHRORJLFDO XQLWV HDFK RQH
ZLWKDK\GUDXOLFFRQGXFWLYLW\WHQVRU
GEOFÍSICA INTERNACIONAL
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PRGHO ER[ LV D VTXDUH RI  NP2 ZLWK D WRS
VXUIDFHZLWKDQDYHUDJHHOHYDWLRQRIPDVO








sequences and major structures. According 
WR WKHLU SK\VLFDO FKDUDFWHULVWLFV VSDWLDO
GLVWULEXWLRQ DQG WKLFNQHVV IRXU JHRORJLFDO
XQLWVZHUHGH¿QHGLQWKHFRQFHSWXDOPRGHODQG




URFNV LQFOXGLQJ WKH YROFDQLF DQG S\URFODVWLF
IUDFWXUHG VHTXHQFHV ORFDWHG DERYH WKH
SLH]RPHWULFOHYHOLQWKHVWXG\DUHD7KHVHXQLWV
REVHUYHGLQWKHOLWKRORJLFDOUHFRUGVRIWKH(MLGR
Jurica, UNAM-Juriquilla, and Ejido El Nabo wells, 
ZHUH QRW FRQVLGHUHG LQ WKH FRQFHSWXDO PRGHO
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 Te Cg Ar Conglomerate and sandstone, 
a sedimentary unit of conglomerate and 
VDQGVWRQH IRXQG DW WKH ZHVW RI WKH (O 1DER
IDXOWZDVUHSUHVHQWHGE\DGDUNOD\HUVKRZQ
LQWKHPRGHORI)LJXUHD
 Ki Cz Ar Limestone and shale WKLV
XQLW LQFOXGHV .L &] DQG DOVR WKH .L &]$U RI
sandstone and argillaceous limestone for 
PRGHOLQJSXUSRVHVDQG
 Ki MsV Metasedimentary and volcanic 
)LJXUHORFDWHGDWWKHERWWRPRIWKHPRGHO
FRUUHVSRQGV LQ QDWXUH WR WKH &UHWDFHRXV
YROFDQRVHGLPHQWDU\XQLW.L0V9
)DXOWV DUH UHSUHVHQWHG E\ JURXSV RI P
ZLGWKYHUWLFDOO\DOLJQHGFXELFFHOOVZLWKVSHFL¿F
K\GUDXOLFFRQGXFWLYLW\JUD\FHOOVLQ)LJXUHE
7KHPDVVLYH LQWUXVLYHVXEYROFDQLF ERG\ RI 
0D LV UHSUHVHQWHG E\ D JURXS RI FHOOV ZLWK D
GRPHVKDSH LQ WKH ORFDWHGFHQWUDOSDUWRI WKH
PRGHOEODFNFHOOVLQ)LJXUHE0DMRUJHRORJLFDO
structures were considered as four individual 
XQLWV LQWKHPRGHOWKHEl Nabo Fault







DV WKH FRQJORPHUDWH DQG VDQGVWRQH XQLW Te 
Cg-Ar) 7UXQFDWLRQ E\ IDXOWLQJ ZDV VXLWDEOH
UHSUHVHQWHGEHFDXVHHDFKJHRORJLFDOXQLWZDV
composed by independent cells.
2QFH GHVLJQHG WKH JHRPHWU\ RI WKH
PRGHO WKH LQLWLDO DQG ERUGHU FRQGLWLRQV ZHUH
HVWDEOLVKHG FRQVLGHULQJ UHJLRQDO YDULDWLRQV RI
WKHSLH]RPHWULFVXUIDFHLQWHUSRODWHGIURP
DQG PHDVXUHPHQWV )LJXUH  3UHYLRXV
ZRUNE\&DUUHRQ)UH\UHet alLQGLFDWHG
D UHJLRQDO JUDGLHQW LQ WKH JURXQGZDWHU ÀRZ
ZLWK D QHDUO\ QRUWK WR VRXWK GLUHFWLRQ LQ WKH
VQA. Regional piezometric were interpolated by 
NULJJLQJRI WKHGDWD IURPZDWHUH[WUDFWLRQ
ZHOOV ORFDWHG LQ WKH 94$ V\VWHPDWLFDOO\
PRQLWRUHG E\ WKH ORFDO DJHQF\ RI ZDWHU
Comisión Estatal de Aguas de Querétaro, 
&($4VLQFH&DUUHyQ)UH\UHet al
7KH LQWHUSRODWLRQV VKRZ D SHUVLVWHQW UHJLRQDO
JUDGLHQW ZLWK DQ DSSUR[LPDWH 1RUWK6RXWK
WUHQGLQJ7KHZHOOVORFDWHGLQWKHVWXG\DUHDDUH
(O1DERDQG0RPSDQL ,, )LJXUHDQG)LJXUH
D $ VWHDG\ VWDWH QXPHULFDO VLPXODWLRQZDV
SHUIRUPHGWRHVWDEOLVKWKHLQLWLDODQGERXQGDU\
FRQGLWLRQV )LJXUHE%RXQGDU\HIIHFWVZHUH
minimized by leaving a minimum radius of 2000 
PIURPHDFKZHOOWRWKHPRGHOERUGHUV
Simulation of hydrodynamic conditions 
using the numerical model
A numerical simulation was performed to assess 
WKHK\GURG\QDPLFEHKDYLRU RI WKH V\VWHPE\
WKH XVH RI SDUWLDO UHVXOWV RI D SXPSLQJ WHVW
,QWKHFRPSXWDWLRQDOH[SHULPHQWWKHK\GUDXOLF
properties were adjusted to correlate calculated 
DQGPHDVXUHGGUDZGRZQLQWKHSXPSLQJDQG
in one observation well.
$  V  KRXU SXPSLQJ WHVW
SHUIRUPHG LQ WKHEl Nabo well was simulated 
XVLQJ WKH LPSOHPHQWHGQXPHULFDOPRGHO7KH
ORFDWLRQ RI WKH SXPSLQJ WHVW DUHD LV VKRZQ
LQ )LJXUH  WKH GDWD UHFRUG ZDWHU OHYHO
DQG WHPSHUDWXUHZDVPDGH E\ D &7''LYHU
Schlumberger GDWDORJJHU 7KLV ZHOO LV WKH
VLQJOH RQH LQ WKH UHJLRQ ZLWK DERXW P
LQGHSWKDQG WKHUHIRUH LWZDVQRWSRVVLEOH WR










FRQGXFWLYLWLHV RI WKH PRGHO DQG PHDVXUHG
GUDZGRZQ ZHUH FORVHO\ ¿WWHG :H XVHG D






measurements used for simulation. Because 
RI WKHZHOOGHSWKRQO\DSDUWRI WKHSXPSLQJ
test could be considered for adjustment. 
7KH ¿UVW  V GDWD  KRXUV ZHUH QRW
FRQVLGHUHGEHFDXVHWKHSXPSLQJUDWHFRXOGQRW
EHPDLQWDLQHG VWDEOH GXULQJ WKLV SHULRG DQG
RUDZHOO VWRUDJHHIIHFWVKRXOGEHFRQVLGHUHG
$OOHQ DQG 0LFKHO  WKH VDPH LVVXHV
ZHUH FRQVLGHUHG IRU WKH LQWHUSUHWDWLRQ RI WKH
recovery data.
6LPXODWHG DQG REVHUYHG GUDZGRZQ LQ WKH
VHJPHQW EHWZHHQ  DQG  V 
DQGKRXUVRIWKH(O1DERWHVWZHUH¿WWHG
E\ DGMXVWLQJ WKH K\GURJHRORJLFDO SURSHUWLHV
RI WKH PDLQ XQLWV HJ $OOHQ DQG 0LFKHO
7KHHVWLPDWLRQRIWKHVHSURSHUWLHVZDV
DFKLHYHGXVLQJWKH3(67Parameter Estimation 
6RIWZDUH DOJRULWKP +DUEDXJK et al 
'RKHUW\  WURXJK 9LVXDO0RGÀRZ 7KH
¿QLWH GLIIHUHQFHV 0RGÀRZ DOJRULWKP VROYHG
JURXQGZDWHU ÀRZ E\ DGMXVWLQJ K\GUDXOLF
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levels were used as initial 
FRQGLWLRQ IRU WKH PRGHO
%HFDXVH WKH 1RUWK
6RXWK K\GUDXOLF JUDGLHQW
VKRZQ LQ WKH GDVKHG
VTXDUH PRGHOHG DUHD LV
persistent during 2004 and 
ZHFRQVLGHUHGVWHDG\
state conditions.
)LJXUH3LH]RPHWULFFRQGLWLRQVVKRZQ LQ WKHPRGHOER[ZLWKDERUGHUDQGE LQLWLDOFRQGLWLRQVDIWHU WKH
VWHDG\VWDWHPHDVXUHGLQVHH¿JXUHE
*+2FKRD*RQ]iOH]'&DUUHyQ)UH\UH0&HUFDDQG0/ySH]0DUWtQH]
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FRQGXFWLYLWLHVLQWKUHHSHUSHQGLFXODUGLUHFWLRQV
FRUUHVSRQGLQJZLWKWKHRULHQWDWLRQRIWKHJULG
WR 1RUWK6RXWK (DVW:HVW DQG YHUWLFDOO\ IRU
WKLV VWXG\ FDVH 7KH LQLWLDO YDOXHRI K\GUDXOLF
FRQGXFWLYLW\.ZDVHVWDEOLVKHGDWHPV




GUDZGRZQV ZDV DFKLHYHG E\ XVLQJ WKH
K\GUDXOLF FRQGXFWLYLWLHV . YDOXHV SUHVHQWHG
LQ 7DEOH  DORQJ WZR GLUHFWLRQV KRUL]RQWDO
(: DQG YHUWLFDOO\ 7KH 1RUWK6RXWK YDOXHV
RI . UHPDLQHG ¿[HG DW WKH LQLWLDO YDOXH 7KH
VHQVLWLYLW\ YDOXHV IRU WKH REWDLQHG K\GUDXOLF
FRQGXFWLYLWLHV7DEOHRIWKHPRGHOYDU\ZLWK
WKHGLVWDQFHEHWZHHQWKHJHRORJLFDOXQLWVIDXOWV
DQG WKH SXPSLQJ WHVW ]RQH +LJK VHQVLWLYLW\
PHDQV D KLJK LQÀXHQFH RI WKH JHRORJLFDO
XQLW LQ GUDZGRZQ7KH ³OLPHVWRQHDQG VKDOH´
DQG ³(O 1DER IDXOW´ XQLWV VKRZ WKH KLJKHVW
VHQVLWLYLW\YDOXHV7DEOHE7KHKLJKYDOXHV
LQWKH(O1DER)DXOWDUHGXHWRWKHIDFWWKDWWKH





7KH UHVXOWV RI WKH SXPSLQJ WHVW ZHUH
DQDO\]HGE\WKHGHULYDWLYHRIWKHGDWDREWDLQHG
E\ DSSO\LQJ WKH ¿[HGHQGSRLQW PHWKRG
RUDQJH OLQH SURSRVHG E\ %RXUGHW et al. 
RUDQJHOLQHLQ)LJXUH7KHXVHRIWKH
derivative allows analyzing in detail pressure 
FKDQJHV LQ GUDZGRZQ SORWV %RXUGHW et al., 
6SDQHDQG:XUVWQHU7LDE
7KH GHULYDWLYH ZDV VPRRWKHG E\ WKH XVH RI
WKH WKLUG SRLQW EHIRUH DQG DIWHU WKH SRLQW RI
LQWHUHVWWRUHGXFHWKHVDPSOHUDWHQRLVH7KH





WKH IDXOWHG V\VWHP RI WKH VWXG\ DUHD E\ WKH
K\GUDXOLF FRQGXFWLYLWLHV DVVLJQHG WR VSHFL¿HG
JHRORJLFDO XQLWV LQFOXGLQJ IDXOWV ,Q RUGHU WR
FRQVWUDLQ WKH RYHUDOO ÀRZ FRQGLWLRQV UHJLRQDO
PHDVXUHPHQWV RI K\GUDXOLF KHDGV DQG
geological observations were integrated.
)LJXUH'UDZGRZQPHDVXUHPHQWVFROOHFWHGGXULQJWKH(O1DERSXPSLQJWHVW%OXHOLQHLQGLFDWHVFRQWLQXRXV
GDWDORJJHU PHDVXUHPHQWV EOXH VTXDUHV WKH VDPSOHG SRLQWV IRU FDOLEUDWLRQ *UHHQ OLQH LQGLFDWHV LQFUHDVLQJ
WHPSHUDWXUHLQWKHH[WUDFWHGZDWHU
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*HRORJLFDO FRQVWUDLQWV IRU WKH LPSOH
PHQWDWLRQRIWKHPRGHO




WR HVWDEOLVK WKH JHRORJLFDO FRQVWUDLQWV RI WKH
PRGHO 7KH YROFDQLF FKDUDFWHU RI WKH EDVDO
volcano-sedimentary sequence was interpreted 
IURP WKH GULOOLQJ VDPSOHV DQGZDV FRQ¿UPHG
E\WKH LVRWRSLFDJHV7KHRYHUO\LQJ OLPHVWRQH
DQGVKDOHXQLW LVPRUHWKDQPWKLFNDQG
LV LQWHUEHGGHG ERWK ZLWK VDQGVWRQH RU FOD\
,Q QHDUE\ VXSHU¿FLDO RXWFURSV WKLV XQLW LV
deformed by folding and contains calcite veins 
DQG IUDFWXUHV 5RFN VDPSOHV REWDLQHG IURP
GHSWKVEHORZPDWWKH(O1DERZHOORIWKH
volcanic sequence contained a large quantity 
RI ELRWLWH 'LIIHUHQFHV LQ WKH VL]H DQG DVSHFW





)LJXUH D VKRZV WKH DJH VSHFWUD IRU WKH
biotite population 1 indicating a Miocene age. 
7KHZHLJKWHGDYHUDJHIRUDUJRQIUDFWLRQVZDV
PDGHE\FRQVLGHULQJWKHFRQVHFXWLYHIUDFWLRQV
ZLWK JUHDWHU UDGLRJHQLF DUJRQ FRQWHQW DQG
PRUH WKDQ  RI WKH WRWDO 39Ar released. A 
UHSUHVHQWDWLYH DJH RI W    0DZDV
VHOHFWHG IURP WKH ZHLJKWHG DYHUDJH RI 
IUDFWLRQV IURP GLIIHUHQW H[SHULPHQWV LQ WKH
DJH VSHFWUD GLDJUDP 7KLV ELRWLWH SRSXODWLRQ
LV FKDUDFWHUL]HG E\ D UDWLR Ar&D/39ArK  
7KH FRUUHODWLRQ GLDJUDPV REWDLQHG IRU WKHVH
VDPSOHV )LJXUH6 VKRZ WZR LVRFKURQ OLQHV
DOVRFRQYHUJLQJDWDQDJHDURXQG0D7KH
$QGHVLWLF ODYD ÀRZV 9DOGH]0RUHQR et al., 
FRYHUPRVWRIWKHVWXG\DUHDDQGKDYH
WKH VDPH0LRFHQH DJH REWDLQHG IRU ELRWLWH 
SRSXODWLRQWKHFRLQFLGHQFHLQDJHRIWKHODYDV
DQG WKH ELRWLWH VDPSOHG DW GHSWK VWURQJO\
VXSSRUWWKHLQWHUSUHWDWLRQWKDWWKHODYDVZHUH
IHHGE\GLNHVHPSODFHGDORQJIDXOWV
7KH ELRWLWH SRSXODWLRQ  )LJXUH E
\LHOGHG ROGHU DJHV RI a 0D ZLWK DJH
spectra diagram indicating a severe argon 
 +\GUDXOLFFRQGXFWLYLW\PV  
  (: 9HUWLFDO
 5K\ROLWH ( (
 &RQJORPHUDWHDQGVDQGVWRQH ( (
 /LPHVWRQHDQGVKDOH ( (
 %DVHPHQW/LPHVWRQH ( (
 1DER)DXOW1:6( ( (
 6RXWKIDXOW1(6: ( (
 %DOYDQHUDIDXOW1:6( ( (
 ,QWUXVLYH ( (
 a)  
   
 6HQVLWLYLW\  
  (: 9HUWLFDO
 5K\ROLWH ( (
 &RQJORPHUDWHDQGVDQGVWRQH ( (
 /LPHVWRQHDQGVKDOH ( (
 %DVHPHQW/LPHVWRQH ( (
 1DER)DXOW1:6( ( (
 6RXWKIDXOW(: ( (
 %DOYDQHUDIDXOW1:6( ( (
 ,QWUXVLYH ( (





212      VOLUME 54 NUMBER 3
loss. A reliable age cannot be obtained but 
WKHVHTXHQFH LVROGHU WKDQ WKHPLQLPXPDJH
REWDLQHG7KLVEHKDYLRUZDVUHSURGXFHGLQWKH
PGHSWK%LRWLWHLQGXSOLFDWHH[SHULPHQWV
$ KLJKHU UDWLR RI Ar&D/39ArK!  FRPSDUHG
ZLWK ELRWLWH SRSXODWLRQ  FOHDUO\ LQGLFDWHV D
GLIIHUHQWFRPSRVLWLRQ%HFDXVHRIWKHGLIIHUHQW
LVRWRSLFEHKDYLRURIWKHVHVDPSOHVWKHELRWLWH
SRSXODWLRQV ZHUH SORWWHG VHSDUDWHO\ LQ WKH
FRUUHODWLRQGLDJUDP)LJXUH6 LQZKLFK WKH
HTXLYDOHQWDJH LVVKRZQ LQ WKHDEVFLVVDD[LV
7KH FRUUHODWLRQ XVLQJ WKH IUDFWLRQV IURP WR
RIWKHVWH[SHULPHQWDQGWKHIUDFWLRQVWR
RIWKHGXSOLFDWHH[SHULPHQW LQWKHELRWLWH
population also indicates an age of ~100 Ma, 
IRUWKHKi Ms VURFNVHTXHQFH
7KH GRFXPHQWHG GLIIHUHQFH LQ DJH RI WKH
biotite populations strongly supports our 
LQWHUSUHWDWLRQ RI WKH SUHVHQFH RI D 0LRFHQH
PDJPDWLF G\NH LQWUXGLQJ WKH &UHWDFHRXV
VHTXHQFH DV VKRZQ LQ WKH VFKHPD RI )LJXUH
F7KHSUHVHQFHRIWKLV IDXOWKDV LPSRUWDQW
LPSOLFDWLRQV LQ JURXQGZDWHU ÀRZ E\ WKH
LQFUHDVLQJRIWKHK\GUDXOLFFRQGXFWLYLW\ZLWKLQ
WKH IDXOW SODQH WKDW ZDV REVHUYHG GXULQJ
drilling.
,W KDV EHHQ GRFXPHQWHG WKDW GLNHV RSHQ
ZHDNHQHGIUDFWXUHVWRFRQGXFWPDJPDWRZDUG
WKHVXUIDFHDQGGXULQJWKHLUHPSODFHPHQWWKH\
FDQ FDXVH IXUWKHU EUHFFLDWLRQ RI WKH IUDFWXUHG
]RQHDQGWKHLQFUHDVHRIK\GUDXOLFFRQGXFWLYLW\
=REDFN  $QGHUVRQ  %HVLGH WKH
SUHVHQFHRIWKHGLNHIXUWKHUHYLGHQFHVVXSSRUWLQJ
WKHFLUFXODWLRQRIK\GURWKHUPDOÀXLGVDORQJWKH
IDXOW LQFOXGH WKH SUHVHQFH RI K\GURWKHUPDOO\
DOWHUHGFDOFLWHYHLQVLQH[SRVXUHVDQGLQGULOOLQJ
VDPSOHVRIWKH(O1DERZHOO)LJXUHE3UHVHQW
GD\ K\GURWKHUPDO DFWLYLW\ DORQJ WKH IDXOW ZDV
FRQ¿UPHGE\ WKH LQFUHDVH IURPWR& LQ




Balvanera and South IDXOWV LQ WKH PRGHO El 
Nabo and Balvanera are sub-parallel normal 
IDXOWVZLWK1:6(RULHQWDWLRQSDQRUDPLFYLHZ
)LJXUH D 7KHBalvanera Fault KDV D WKURZ
RIPRUH WKDQ PDIWHU WKH0LRFHQH ODYDV
HPSODFHPHQW 7KH El Nabo Fault is located 
LQ D EORFN GHOLPLWHG E\ WKH UHJLRQDO JUDEHQ
IDXOWVDVVKRZQLQWKHFURVVVHFWLRQRI)LJXUH
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RULHQWDWLRQZHUHREVHUYHGDURXQGWKH]RQHRI
WKH(O1DERZHOO7KH&UHWDFHRXVVHGLPHQWDU\
VHTXHQFHV .L &]$U KDYH D ORZ K\GUDXOLF
FRQGXFWLYLW\ DV VKRZQ E\ WKH ORZ ÀRZ UDWH




WKH GLNH FDXVHG EUHFFLDWLRQ IUDFWXULQJ DQG
K\GURWKHUPDO DOWHUDWLRQ RI WKH KRVW URFN DQG
FRQVHTXHQWO\ DQ LQFUHDVH LQ WKH K\GUDXOLF
FRQGXFWLYLW\(YLGHQFHRIRWKHUGLNHVHPSODFHG
RQ WKH El Nabo Fault DUHD DIIHFWLQJ RWKHU
VWUDWLJUDSKLF OHYHOV ZDV REVHUYHG LQ H[SRVHG
SDUDOOHO IDXOW SODQHV )RU PRGHOLQJ SXUSRVHV
WKHBalvanera Fault features are assumed to be 
VLPLODUWRWKHEl Nabo Fault and was calibrated 
as an independent unit.
7KHH[SRVHGSODQHRI WKHROGHUDJHSouth 
Fault)LJXUHEFRQWDLQVRSHQIUDFWXUHV¿OOHG
ZLWK VHGLPHQWV DQG FDOFLWH WKDW SUHFLSLWDWHG
E\ WKH FLUFXODWLRQ RI K\GURWKHUPDO ÀXLGV
7KH South Fault IDYRUHG WKH ORFDWLRQ RI WKH
2OLJRFHQHVXEYROFDQLFERG\0D7RP'DRI
VLOLFLFFRPSRVLWLRQ$ODQLV$OYDUH]et al., 2002) 




)LJXUH  D $U$U DJH VSHFWUD
REWDLQHGIRUWKHELRWLWHSRSXODWLRQVPDOO
VL]HFROOHFWHGDWGLIIHUHQWGHSWKVEHWZHHQ
 DQG P LQ (O 1DERZHOO 7KH DJH
REWDLQHG IRU WKLV SRSXODWLRQ LV LQWHUSUHWHG
DV HYLGHQFH IRU D0LRFHQHG\NH LQWUXVLRQ
E $U$U DJH VSHFWUD REWDLQHG
IRU WKH ELRWLWH SRSXODWLRQ  FROOHFWHG DW
WKH VDPH GHSWK LQWHUYDO RI SRSXODWLRQ 
$OWKRXJKDUHOLDEOHDJHFDQQRWEHDVVLJQHG
WRWKHVDPSOHVDPLQLPXPDJHRI0D




WKH &UHWDFHRXV VHGLPHQWDU\ DQG YROFDQLF
XQLWV KRVW URFNV .L &] DQG .L 0V 9
WKDW FKDQJHV GUDPDWLFDOO\ WKH K\GUDXOLF
FRQGXFWLYLW\RIWKHV\VWHPE\EUHFFLDWLRQ
*+2FKRD*RQ]iOH]'&DUUHyQ)UH\UH0&HUFDDQG0/ySH]0DUWtQH]
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7KH JHRORJLFDO HYLGHQFHV VXJJHVW WKDW











al&RQVLGHULQJDQ LQ¿QLWH OLQHDU VWULS
HPEHGGHG LQ D KRVW PDWHULDO PDWUL[ ZLWK





VORSHV FRUUHVSRQGHG WR DQ LQLWLDO OLQHDU ÀRZ
ZLWKLQ WKH VWULS WKDW FKDQJHG WR ELOLQHDU ÀRZ
ZKHQWKHÀRZIURPKRVWPDWHULDOFRQWULEXWHV
WR GLVFKDUJH 7KH VORSHV REWDLQHG IURP WKH
GUDZGRZQ GHULYDWLYHV RI WKH (O 1DER ZHOO




¿UVW VORSH  FRUUHVSRQGV WR WKH SULPDU\
ÀRZGUDZGRZQWKDWPD\EHH[SODLQHGE\WZR




LQVLGH WKH IDXOWZDOOV DQG FRQVWUDLQHG E\ WKH
UHJLRQDO JUDGLHQW ZKLFK PDJQLWXGH LV ODUJH
HQRXJKWRRSSRVHÀRZWRZDUGWKHZHOO
7KH  VORSH PD\ EH UHODWHG HLWKHU WR
GLVFKDUJH RI D OLQHDO UHJLRQDO ÀRZZLWKLQ WKH
(O1DER'\NH)DXOWLHVWULSXQLW%XWOHUDQG
/LX  RU D QHZ VRXUFH RI UHJLRQDO ÀRZ
6XSSRUW HYLGHQFH RI WKH FRQWULEXWLRQ RI D
K\GURWKHUPDO GHHS JURXQGZDWHU ÀRZ V\VWHP
WKURXJKWKHIDXOWZDVSURYLGHGE\WKHLQFUHDVH
LQ WHPSHUDWXUH ZKLOH SXPSLQJ  WR &
JUHHQOLQHLQ)LJXUH7KHLQLWLDO LQFUHDVHRI
WHPSHUDWXUH LQD WLPH LQWHUYDORIPLQXWHV
VXJJHVWV PL[LQJ RI ORFDO IUHVK JURXQGZDWHU
DQG K\GURWKHUPDO ÀRZ ZLWK WKH SUHVHQFH RI
D SUHIHUHQWLDO FRQGXFW WKURXJK WKHPDJPDWLF
G\NHIDXOW
7KH FDOLEUDWHG K\GUDXOLF FRQGXFWLYLWLHV
REWDLQHGXVLQJ3(67VRIWZDUHZHUHXVHG WR





UHTXLUHG IRU SXPSLQJ VWDELOL]DWLRQ  V
RU DSSUR[LPDWH  KRXUV )LJXUH  ZDV QRW
FRQVLGHUHG LQ WKH PRGHO GUDZGRZQ LQLWLDWHG
from a relative zero value. A pseudo-steady 
ÀRZ UHJLPH REVHUYHG LQ WKH 
VKRXULQWHUYDOV)LJXUHVDQGZDV
QRW FRPSOHWHO\ DGMXVWHG E\ WKH FDOFXODWHG








RI HDFK JHRORJLFDO HOHPHQW LQ WKH RYHUDOO
K\GUDXOLFEHKDYLRURIWKHV\VWHP)DXOWVZHUH
FRQVLGHUHG DV YHUWLFDO SODQDU VWUXFWXUHV ZLWK
YDU\LQJ K\GUDXOLF FRQGXFWLYLWLHV DFFRUGLQJ WR
WKH(:RUYHUWLFDOJURXQGZDWHUÀRZGLUHFWLRQ
7KHEORFNPRGHORI)LJXUHVXPPDUL]H WKH
PDLQ JURXQGZDWHU ÀRZ UHVXOWV XVLQJ WKH .
YDOXHV SUHVHQWHG LQ 7DEOH  DQG VKRZV WKH
SLH]RPHWULF OHYHOV UHDFKHG DW WKH HQG RI WKH
SXPSLQJ WHVW VLPXODWLRQ &RORUV LQGLFDWH
SLH]RPHWULF OHYHOVZKLFK UDQJH IURP LQ
WKHQRUWKDUHDWRPDVOWRZDUGWKHVRXWK
7KHKLJKHUJUDGLHQWLVREWDLQHGWRZDUGWKHHDVW
RI WKH El Nabo Fault $UURZV LQGLFDWLQJ ÀRZ
GLUHFWLRQVVKRZFOHDUO\WKDWPDMRUVWUXFWXUHV
(O1DERDQG6RXWKIDXOWVIDYRUJURXQGZDWHU
ÀRZ SDWWHUQV DORQJ SODQHV DQG DOVR GHOLPLW
FRPSDUWPHQWV ZLWK GLIIHUHQFHV LQ K\GUDXOLF
EHKDYLRU )LHOG REVHUYDWLRQV VKRZ WKDW WKH
K\GUDXOLF LQWHUDFWLRQ RI WKH IDXOW ZLWK WKH (O









LQWHUUXSWLQJ WKH FRQQHFWLRQ EHWZHHQ (O 1DER
DQG 6RXWK IDXOWV DQG IROORZLQJ WKH UHJLRQDO
16JUDGLHQW
)LJXUH  VKRZV RQH KRUL]RQWDO DQG WZR






QRUWKHUQVHJPHQWRIWKHEl Nabo Fault act as 
















Fault VHHPV WR IDYRU FKDQQHOL]HG ODWHUDO ÀRZ
WRZDUGV WKH 6: DORQJ WKH PDLQ IDXOW SODQH













E F 7KH VHPLSHUPHDEOH ZDOOV FRQGLWLRQ LQ
WKHPRGHOLVUHSUHVHQWHGE\WKHHTXLSRWHQWLDO
OLQHV DW ERWK VLGHV RI WKH IDXOWV 6PRRWK
JUDGLHQWVZLWKLQWKHVWUDWLJUDSKLFXQLWVLQFUHDVH
ZKHQ FURVVLQJ WKH IDXOW LQGLFDWLQJ D KLJK
K\GUDXOLFJUDGLHQWEXWZLWKÀRZFRQWLQXLW\7KH
OLPHVWRQH DQG VKDOH XQLW DOVR VKRZK\GUDXOLF
FRQWLQXLW\ZLWKWKHIDXOWWRWKHZHVWZKHUHDV
LQ WKH HDVWHUQ SDUW KDYH D KLJKHU HOHYDWLRQ
suggesting a greater water contribution from 
WKHIDXOW)LJXUHF
*LYHQ WKDW RQO\ RQH REVHUYDWLRQ SRLQW
FRXOG EH FRQVLGHUHG WKH (O 1DERZHOO LV WKH
GHHSHVW ZHOO GULOOHG LQ WKH 4XHUHWDUR DUHD
ZLWK PRVW RI WKH ZHOO GHSWKV DERXW  P
DQDO\VLVRIUHSUHVHQWDWLYHQHVVRIWKHREWDLQHG
K\GUDXOLFFRQGXFWLYLW\ZDVQRWSRVVLEOHWRGR
1HYHUWKHOHVV WKH LQIRUPDWLRQ \LHOGHG E\ WKH
SXPSLQJ WHVW ZDV XVHIXO IRU WKH FDOLEUDWLRQ
RI WKH QXPHULFDO PRGHO DOORZLQJ VLPXODWLQJ
JURXQGZDWHUÀRZLQWKHVWXG\DUHD
,QVXPPDU\WKLVZRUNDWWHPSWVWRKLJKOLJKW
WKH LPSRUWDQFH RI LQWHJUDWLQJ DQ DFFXUDWH
geological setting to understand groundwater 
ÀRZ G\QDPLFV LQ PRGHOV RI IDXOWHG DTXLIHUV
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)DXOW ]RQHV LQ WKH VWXG\ DUHD KDYH PRUH
WKDQPLQWKLFNQHVVDQGVHYHUDOIDXOWSODQHV
ZHUHREVHUYHGZKHUHKLJKDQGORZ.VHJPHQWV
PD\ FRH[LVW %HFDXVH WKH VW\OH DQG UHODWLYH
age of faulting determines variations in its 
K\GUDXOLFSURSHUWLHVZHFRQVLGHUWKDWLQIDXOWHG
DQG GHHS DTXLIHUV PRUH WKDQ PGHSWK





ZDWHU FLUFXODWLRQ ZLWKLQ IDXOW SODQHV LQ WKH
VWXG\ DUHD DQG WKH PRGHO UHVXOWV DOORZ
SURSRVLQJWKDW IDXOWVFROOHFWJURXQGZDWHUÀRZ
DQG H[SODLQ WKH ÀRZ UDWH LQFUHDVH WR  OV
at El Nabo Fault 0RUHRYHU WKH &UHWDFHRXV
VHGLPHQWDU\ VHTXHQFHV VKRZ DQ RYHUDOO ORZ
K\GUDXOLF FRQGXFWLYLW\ 7KH PDJPDWLF GLNHV






VXJJHVW WKDW WKLV IDXOW DOVR IDYRUHG ÀXLGÀRZ








RI WKH V\VWHP DFFRUGLQJ ZLWK WKH UHJLRQDO
JUDGLHQW)LJXUH
&RQFOXVLRQV
,PSOHPHQWDWLRQRI WKHJHRORJLFDO VWUXFWXUH LQ
D QXPHULFDO JURXQGZDWHU ÀRZ PRGHO DORQJ
ZLWKWKHHVWLPDWLRQRIK\GUDXOLFFRQGXFWLYLWLHV
by a pumping test, produced relevant 
LQIRUPDWLRQDERXWÀRZG\QDPLFVLQWKHIDXOWHG
DTXLIHU V\VWHP DW WKH QRUWK RI WKH 9DOOH\ RI
4XHUHWDUR 7KLV PHWKRGRORJ\ FDQ EH DSSOLHG








at an age around 100 Ma.
*+2FKRD*RQ]iOH]'&DUUHyQ)UH\UH0&HUFDDQG0/ySH]0DUWtQH]
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7KH VWXG\ DUHD LV D EORFN GHOLPLWHG E\
IDXOWVZKHUH WKHROGHUJHRORJLFDOXQLWV LQ WKH
4XHUHWDUR 9DOOH\ DUH H[SRVHG &RQVLGHULQJ
IDXOWVDQGWUXQFDWLRQRIK\GURVWUDWLJUDSKLFXQLWV
LQWKHVHTXHQFHOHDGHGWRWKHUHFRQQDLVVDQFH




PHDVXUHG SLH]RPHWULF OHYHOV 7KH GHULYDWLYH
DQDO\VLV RI WKH SXPSLQJ WHVW VXJJHVWV WKH





7KH QXPHULFDO PRGHO DORQJ ZLWK WKH
GUDZGRZQ¿HOGREVHUYDWLRQVDOORZHGHVWLPDWLQJ
UHODWLYH YDOXHV RI K\GUDXOLF FRQGXFWLYLW\ IRU
HLJKWJHRORJLFDOXQLWV 7DEOH$VH[SHFWHG
WKHPRGHOLVVHQVLWLYHWRWKHIDXOWORFDWHGQHDU
WKH (O 1DER ZHOO )LJXUH  2I LPSRUWDQFH















7KH REWDLQHG YDOXHV DJUHH ZLWK WKH
conceptual model but connectivity between 
PDMRU IDXOWVFDQQRWEHHYDOXDWHGRQO\E\WKH
DQDO\VLV RI SXPSLQJ WHVWV 7KH QXPHULFDO
PRGHO DOORZHG H[SORULQJ WKH UHOHYDQFH RI
JHRORJLFDO VWUXFWXUHV LQ WKH VLPXODWLRQ RI
JURXQGZDWHU ÀRZ )LJXUHV  DQG  ,Q
SDUWLFXODU WKH PRGHO UHVXOWV KLJKOLJKW KRZ
faults and intrusive bodies emplaced along 
IDXOWV PRGLI\ JURXQGZDWHU ÀRZ E\ FKDQJLQJ
K\GUDXOLF SURSHUWLHV DQG FRQVHTXHQWO\ ÀRZ
GLUHFWLRQ 7KH PRGHO DOORZHG LPSURYLQJ WKH
LQWHUSUHWDWLRQRIWKHSXPSLQJWHVWV1XPHULFDO
modeling is useful for a better understanding 




452& VXSSRUWHG WKLV UHVHDUFK
LQ WKH 9DOOH\ RI 4XHUHWDUR &RPLVLRQ (VWDWDO
GH $JXDV GH 4XHUHWDUR &($4 WKH ORFDO
ZDWHUPDQDJHPHQWDJHQF\ LV JUDWHIXOO\ DFN
QRZOHGJHGIRUIXQGLQJWKHLVRWRSLFGDWLQJDQG
IRUWKHWHFKQLFDOKHOSSURYLGHGGXULQJSXPSLQJ
WHVWV )- *DPH]*RQ]iOH] &RQDJXD ,
%DUUyQ0HGHOOLQ&($4DQG-'tD](VFDUFHJD
&($4 SURYLGHG XVHIXO GLVFXVVLRQV IRU WKH
JURXQGZDWHU ÀRZ LQWHUSUHWDWLRQ * $JXLUUH
'tD] DQG DQ DQRQ\PRXV UHYLHZHU KHOSHG WR
FODULI\ WKHPDQXVFULSW 5 &DUUL]RVD*RQ]iOH]
81$0 , 2UWL]9LOODVHxRU &($4 DQG -
3HUH]9LOODUUHDO KHOSHG LQ WKH ¿HOG FDPSDLJQ
and data compilation.
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de Allende: implicaciones en la deformación 
SRVWHRFpQLFD GHO FHQWUR GH 0p[LFR 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